Weck et al. show that the actin-based motor myosin-7b targets to the distal tips of epithelial microvilli using a mechanism that requires a functional motor domain. At these sites, myosin-7b promotes the enrichment of intermicrovillar adhesion factors, which are required for normal microvillar organization and brush border assembly.
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In Brief
Weck et al. show that the actin-based motor myosin-7b targets to the distal tips of epithelial microvilli using a mechanism that requires a functional motor domain. At these sites, myosin-7b promotes the enrichment of intermicrovillar adhesion factors, which are required for normal microvillar organization and brush border assembly.
INTRODUCTION
Transporting epithelia, like those that line the luminal surface of the intestine and kidney, build cylindrical actin-based protrusions called microvilli on their apical surface to increase the capacity for solute uptake. A single microvillus is supported by a core actin bundle of about 20-30 parallel filaments 0.5-5 mm in length, with the barbed ends oriented toward the distal tips and the pointed ends anchored in a mesh of intermediate filaments and spectrin referred to as the terminal web [1] .
Enterocytes, the transporting epithelial cells that line the intestinal tract, represent one of the most elaborate cases where thousands of microvilli extend from the surface in a tightly packed array referred to as the brush border (BB). In this context, the BB also serves as a barrier against harmful compounds and microbes in the lumen [2] . The physiological role of the BB in normal gut function is underscored by the fact that numerous intestinal diseases are characterized by perturbation to, or complete loss of, apical microvilli, including microvillus inclusion disease [3, 4] , type 1C Usher syndrome [5] , and infections with attaching/ effacing microbes such as enterohemorrhagic and enteropathogenic E. coli [6] .
Recent studies have begun to explore the molecular mechanisms that promote microvillar growth and organization [7, 8] . We previously reported that adhesion between the distal tips of microvilli plays an important role in driving and optimizing the packing of these protrusions during BB assembly [7] . Such intermicrovillar adhesion is mediated by a trans-heterophilic complex formed by two tip-targeted protocadherins, protocadherin-24 (PCDH24/CDHR2) and mucin-like protocadherin (MLPCDH/CDHR5) [7] . Both protocadherins interact with cytoplasmic factors, including multi-PDZ domain protein, harmonin-a/USH1C, and ankyrin repeat protein, ANKS4B [7] [8] [9] , which also localize to the distal tips of microvilli and together form the intermicrovillar adhesion complex (IMAC) [7, 8] . Proper assembly of the IMAC and its enrichment at microvillar tips are critical for normal microvillar clustering and BB assembly [7, 8] . Focusing adhesion activity at microvillar tips provides a mechanism for maximizing the packing density of these protrusions and may also contribute to microvillar length uniformity in this system. However, the mechanisms responsible for tip localization of the IMAC have not been elucidated.
A fifth component of the IMAC is the actin-based motor myosin-7b (Myo7b). Myo7b was originally identified in a PCR screen for myosin-like genes in epithelial cells as a product with high sequence homology to myosin-7a [10] . As a class VII myosin, Myo7b contains a highly conserved N-terminal motor domain with ATP-and actin-binding sites, a central ''neck'' region containing at least five recognizable IQ motifs, and a C-terminal tail that consists of tandem MyTH4-FERM domains separated by an intervening SH3 domain ( Figure 1A ) [11] . Using its tail domain, Myo7b binds directly to other components of the IMAC; the N-terminal MyTH4-FERM domain binds specifically to ANKS4B, whereas the C-terminal MyTH4-FERM domain interacts with CDHR2, CDHR5, and USH1C [7] [8] [9] . Binding partners for the SH3 domain have yet to be identified. Myo7b protein is highly expressed in epithelial tissues of the kidney and intestinal tract, where it localizes to the apical surface [11] . More recent work revealed localization at the distal tips of microvilli on the surface of CACO-2 BBE intestinal epithelial cells [7] . Although enrichment of Myo7b at the distal tips of microvillar actin bundles could reflect barbed-end-directed transporter activity, this possibility has yet to be investigated.
To date, no barbed-end directed transporters have been identified in microvilli. However, myosin-6 has been implicated in cargo retention and/or movement toward the pointed ends of microvillar actin bundles, which are embedded in the terminal web at the base of the BB [12, 13] . Unconventional myosin motors have also been implicated in tipward transport in other actin-supported protrusions, playing roles in the formation and maintenance of these structures. Myosins-3 [14, 15] , -7a [16] [17] [18] [19] , and -15 [20] [21] [22] have all been implicated in cargo transport within stereocilia, the mechanosensory protrusions that extend from the apical surface of inner ear hair cells. Additionally, myosin-10 has been shown to processively transport a variety of cargoes to the tips of filopodia in motile cells [23] [24] [25] [26] .
Whether microvilli use a barbed-end-directed transport motor or use other mechanisms to position specific cargoes at their distal tips remains unknown, but Myo7b is an intriguing candidate in either case. Kinetic studies of mouse Myo7b showed (E) Line scans of Myo7b intensity parallel to the microvillar axis in tissue sections or CACO-2 BBE cells overexpressing EGFP-Myo7b; 0 = base, and 1 = tip. n = 55 scans for small intestine (SI), 53 scans for kidney, and 62 scans for CACO-2 BBE . Gaussian curve fits are marked with length at peak intensity (L PI ) ± distribution width (SD). See also Figure S1 .
that ADP release is rate limiting, which leads to a long-lived actin-bound state and correspondingly high duty ratio (0.8) [27] . Myo7b from Drosophila also exhibits a very high duty ratio [28] . Although these properties are consistent with a role in processive transport, Myo7b does not possess a coiled-coil domain that would allow for robust dimerization. Previously characterized transporters deal with the same structural limitation using a mechanism in which oligomerization/ dimerization is induced by cargo binding [18, 29, 30] .
Because Myo7b is the only component of the IMAC with a recognizable actin-binding domain, we hypothesized that this motor could function as a physical link to the actin cytoskeleton and play a role in localizing the IMAC at the distal ends of microvillar actin bundles. Here, we provide evidence in support of this hypothesis and show that Myo7b serves to enrich the IMAC at the distal tips of microvilli. By properly localizing the IMAC, Myo7b plays a crucial role in microvillar organization and BB formation, a role that requires functional motor and cargo-binding tail domains. Taken together, these findings provide a molecular mechanism underpinning the localization and thus function of the IMAC; this work also holds implications for understanding apical morphogenesis in a variety of epithelial contexts.
RESULTS

Myo7b Localizes to the Distal Tips of Microvilli
Components of the IMAC are enriched at the distal tips of microvilli in intestinal and kidney epithelia [7, 8] . Additionally, all endogenous IMAC proteins and exogenous fluorescent-protein-tagged constructs of ANKS4B, CDHR2, and CDHR5 also localize to microvillar tips in the CACO-2 BBE intestinal epithelial cell culture model [7, 8] . Previous studies showed that Myo7b is expressed in kidney and intestinal tissue, where it localizes to the BB in kidney and the distal portion of microvilli in intestinal epithelial cells [11] . To extend these results and determine the precise localization of Myo7b, we stained paraffin-embedded kidney and intestinal tissue sections using a newer Myo7b-specific antibody (Sigma, HPA039131). In the intestine, tissue staining revealed distal tip enrichment of the motor within BB microvilli, along the length of the villus (Figures 1B and 1E) . Expression of Myo7b is decreased in the crypt compartments, with little detection in crypt microvilli ( Figure S1 , open arrowheads). Increased expression and tip enrichment of Myo7b appeared in cells transitioning out of the crypt and onto the base of the villus ( Figure S1 , filled arrowheads and arrows). Myo7b also showed striking enrichment at the distal tips of microvilli on the surface of tubule epithelial cells in cortical kidney sections ( Figures 1C and 1E ). In both intestine and kidney, the position of the Myo7b intensity peak with respect to the microvillar axis was remarkably similar (length at peak intensity, L PI , = 0.83 ± 0.11 and 0.87 ± 0.11 respectively, where 0 = base and 1 = tip).
We previously showed that endogenous Myo7b enriches toward the distal tips of clustering microvilli in CACO-2 BBE cells after 2 weeks of differentiation [7] . To determine whether tagged variants of Myo7b also target to microvillar tips in this model, we stably expressed an N-terminally EGFP-tagged full-length construct of human Myo7b ( Figure S1B ) in CACO-2 BBE cells. After 2 weeks of differentiation, this construct localizes to the distal tips of microvilli in a manner similar to that of endogenous Myo7b (L PI = 0.87 ± 0.12; Figures 1D and 1E) . Thus, Myo7b is well positioned to play a role in localizing IMAC components to microvillar tips.
Myo7b Is Required for Normal BB Assembly
Previous studies showed that loss of IMAC components (CDHR2, CDHR5, USH1C, or ANKS4B) results in the disruption of microvillar clustering and BB formation [7, 8] . Based on our observations using both light and scanning electron microscopy (SEM) [7, 8] , differentiating CACO-2 BBE monolayers typically exhibit a heterogeneous surface morphology, although the majority of cells present prominent ''tipi''-shaped clusters of microvilli interacting via their tips and surrounded by regions of free apical membrane space ( Figure S2B ). Tipi-clustered microvilli represent an intermediate packing state that is critical for the progression to a mature BB [7, 8] . Other cells exhibit immature microvillar growth, with a peripheral F-actin signal that is much higher than medial regions of the cell surface ( Figure S2B ). To determine whether Myo7b also plays a role in organizing microvilli during BB assembly, we generated two independent, stable lentivirus-mediated knockdowns (KDs) of Myo7b in CACO-2 BBE cells, confirmed by western blot and immunostaining ( Figures  2A, 2B , and S2A). Myo7b KD cells were still able to assemble microvilli, although cell-surface morphology was perturbed. The presence of tipi-shaped clusters was scored as described previously [7, 8] after 2 weeks of differentiation. Myo7b KD resulted in a significant decrease in clustering ( Figure 2C ), which was evident in confocal images of phalloidin-stained monolayers. Line scans across the long axis of control cells revealed large variations in phalloidin-labeling intensity caused by the juxtaposition of free apical space (low intensity) with well-formed tipi clusters of microvilli (high intensity) ( Figure 2D ). These large variations in phalloidin signal were absent in Myo7b KD cells. Moreover, in Myo7b KD cells that were able to build long microvilli, we noticed aberrant ''fan''-like arrays ( Figure S2B ), which indicated failure of these protrusions to extend away from the cell surface. SEM of scramble control cells 8 days post-confluency (DPC) revealed large microvillar clusters surrounded by free apical space with almost exclusively tip-to-tip interactions ( Figure 2E , top row). Most observable linkages were localized to the tips of adjacent microvilli ( Figure 2E , green circles). In contrast, KD of Myo7b caused disorganization of microvilli with little free apical space, resulting in a disheveled BB ( Figure 2E , bottom row). Aberrant contacts between microvilli (e.g., tip-tobase and base-to-base interactions) were readily observed in KD cells. We also observed extracellular links along the full length of microvilli ( Figure 2E , red arrows), as well as aberrant links between microvilli and the cell surface ( Figure 2E , white outlined red arrows). Perturbations in Myo7b KD cell apical surface organization were also observed at 21 DPC, a time point by which microvillar packing is typically optimized in control cultures ( Figure 2F ). Together, these findings allow us to conclude that Myo7b is required for normal BB assembly.
Distal Tip Enrichment of the IMAC Is Dependent on Myo7b
Myo7b directly interacts with all other IMAC components [7] [8] [9] . To examine the role of Myo7b in targeting the IMAC to microvillar tips, we stained Myo7b KD cells for individual components of the complex, including CDHR2, CDHR5, and USH1C. In each case, KD of Myo7b resulted in a striking loss of distal tip enrichment (Figures 3 and S3A ). Using z axis confocal sections, we quantified the localization of each IMAC component by generating line scans along the length of individual microvilli ( Figure S3B ). The resulting L PI values for all IMAC components were significantly reduced, indicating loss of distal tip enrichment in Myo7b KD cells ( Figures 3B, 3D , and 3F). Immunofluorescence imaging and western blots revealed decreased expression levels of CDHR2 and USH1C in KD cells ( Figures 3A, 3E , and S3). Strikingly, in cells that were able to maintain higher levels of IMAC proteins, we observed diffuse localization along the microvillar axis ( Figures 3C and S3A) . Therefore, the defects in microvillar organization observed in Myo7b KD cells are most likely due to loss of distal tip enrichment of IMAC cargoes.
Myo7b Microvillar Tip Localization Requires a Functional Motor Domain
In studies of unconventional myosins that localize to actin-based protrusions in other systems, tip targeting is viewed as a telltale sign of processive barbed-end-directed motility [21, 24] . To examine the role of the motor domain in Myo7b targeting, we used mutagenesis to create variants of Myo7b predicted to be deficient in motor activity and then assessed their ability to target to microvillar tips. Many residues that are critical for myosin catalytic and mechanical function are perfectly conserved across eukaryotes. Therefore, we used information from previous studies to generate variants of Myo7b deficient in specific aspects of motor function ( Figure S4A) . A similar strategy has been used previously by others to assess the significance of myosin motor function in cells [18, 21, 31] . We introduced three classes of mutations into the Myo7b motor domain: (1) mutations expected to prevent nucleotide binding and lock the motor in a strong actin-bound state (N207A and S211A) [32] ; (2) mutations expected to block phosphate release and inhibit actin binding (R212A and E442A) [32, 33] ; and (3) mutations expected to ''uncouple'' conformational changes in the nucleotide binding pocket from lever arm rotation, which would result in normal ATPase activity and actin binding but no motor activity (I438A and I482A) [34, 35] . Mutant variants of Myo7b were tagged with EGFP and stably expressed in LLC-PK1-CL4 kidney epithelial cells to assay microvillar tip targeting. Construct expression was confirmed using western blot analysis ( Figure S4B ). LLC-PK1-CL4 cells express endogenous Myo7b ( Figure S4B ) and differentiate rapidly (3-4 days), which allowed efficient production of the numerous stable lines required for these experiments. We used the ratio of microvillar tip intensity:cytoplasmic intensity to quantify the extent of tip targeting for each construct. Ratio values from single cells were binned into the three categories based on the efficiency of targeting: none (ratio of <1), moderate (ratio of 1-2.5), and robust (ratio of >2.5). Our positive control, EGFPtagged wild-type (WT) full-length Myo7b (EGFP-Myo7bFL) localized as expected in this system ( Figure 4A) ; 50% of cells expressing this WT construct exhibited robust tip targeting (Figure 4B ). Myo7b mutants expected to be locked in either strongly or weakly bound states were unable to target to microvillar tips ( Figures 4B and S4C) . Thus, active ATPase cycling and normal actin binding contribute to the tip enrichment of full-length Myo7b. Mutants expected to strongly bind actin also demonstrated aberrant stress fiber localization ( Figure S4C ). Interestingly, Myo7b mutants that were expected to exhibit uncoupling of catalytic and mechanical activity showed only a moderate decrease in targeting when compared to WT ( Figures 4B and  S4C ), suggesting that motor activity per se may be at least partially dispensable for tip enrichment.
Myo7b Cargo-Binding Tail Domain Also Contributes to Tip Targeting
The fact that uncoupled Myo7b mutants exhibit near-normal localization suggests that actin binding (predicted to be still active in these mutants) and binding partner interactions with the tail domain make significant contributions to tip targeting. To further dissect the relative contributions of motor and tail domains, we examined the targeting potential of truncated constructs consisting of only these regions ( Figure S1B) . A construct containing only the motor and neck domains (EGFP-MD) was unable to enrich at microvillar tips ( Figures 4C and S4D) , suggesting that actin binding alone is not sufficient for normal targeting. However, when the cargo-binding tail domain (EGFP-Tail) was expressed by itself, we observed robust tip localization, most likely due to interactions with endogenous IMAC components or possibly other unidentified binding partners at microvillar tips ( Figures 4C and S4D) . Thus, the Myo7b cargo-binding tail domain holds significant tip-targeting potential. Figure S1B ) [36] . This ''forced dimer'' of Myo7b motor domains exhibited robust tip targeting to a level that was comparable to full-length Myo7b ( Figure 4C ). Because the Myo7b motor domain exhibits a high duty ratio [27, 28] , the tip targeting of MD-GCN4 likely reflects barbed-end directed movement along microvillar core actin bundles. Consistent with this conclusion, when we overexpressed EGFP-MD-GCN4 in Cos-7 cells, we observed accumulation at the tips of filopodia; in some cases, we also observed streaming of fluorescent puncta to and from the tips of these structures with tipward velocities in the range of 200 nm/s ( Figure 4E ; Movie S1). We also introduced the mutations described earlier ( Figure S4A ) into the EGFP-MD-GCN4 construct and generated stable cell lines. Similar to full-length Myo7b, mutations expected to prevent ATPase cycling impaired tip targeting of MD-GCN4 ( Figures  4D and S4E) . In contrast to experiments with full-length Myo7b, mutations expected to uncouple catalytic and mechanical activity completely inhibited distal tip targeting of the forced dimer ( Figures 4D and S4E ). Based on these results, we conclude that the Myo7b motor domain is mechanically active in cells, and the minimal unit of a motile complex is two Myo7b motor domains. In combination with the studies presented earlier, these results tell us that Myo7b motor activity can drive tip targeting, but enrichment at distal tips is likely reinforced by actin binding and binding partner (IMAC or other) interactions with the tail domain.
A Forced
Dimer of Myo7b Motor Domains Uses Motor Activity to Tip Target Next, we sought to further examine the role of Myo7b motor activity in the absence of potentially confounding effects due to tail domain interactions with endogenous factors. To this end, we fused Myo7b motor and neck domains in frame with a GCN4 dimerization motif (MD-GCN4;
Complete Rescue of Myo7b KD Requires Functional Motor and Cargo-Binding Domains
To further probe the interactions and functions of Myo7b required for IMAC component localization and microvillar clustering, we performed rescue experiments in Myo7b KD CACO-2 BBE cells. We were able to rescue expression and distal tip enrichment of IMAC components by stably expressing a fulllength Myo7b construct designed to be refractory to KD ( Figures  5A and 5B, EGFP-Myo7bFL). Expression of this construct also rescued microvillar clustering ( Figure 5C ). The cargo-binding tail construct failed to target to microvillar tips in the absence of endogenous Myo7b and, instead, accumulated in the cytoplasm ( Figures 5A and 5B , EGFP-Myo7b tail). The forced dimer construct allowed us to disconnect the tip targeting of Myo7b from its interactions with endogenous IMAC cargoes. This construct exhibited robust tip targeting in Myo7b KD cells but was unable to rescue tip localization of IMAC components (Figures 5A and 5B, EGFP-Myo7bMD-GCN4), and the level of microvillar clustering was comparable to that of the Myo7b KD alone ( Figure 5C ). Finally, we used a variant of full-length Myo7b harboring the I482A mutation (expected to uncouple catalytic and mechanical activity) to analyze the role of motor activity in tip targeting of the IMAC and microvillar clustering. Expression of this construct only partially rescued the distal tip enrichment of IMAC proteins ( Figures 5A and 5B , EGFP-Myo7bFL I482A). However, this mutant was unable to rescue microvillar clustering ( Figure 5C ). To better understand this disconnect, we examined levels of CDHR2 recruitment to the BB in cells expressing EGFP-Myo7b FL versus EGFP-Myo7bFL I482A constructs. In gain-matched images, cells expressing the uncoupling mutant exhibited significantly lower CDHR2 levels at the apical surface relative to cells expressing the WT full-length variant ( Figure 5D ), suggesting that this mutant was unable to rescue the localization of enough CDHR2 to support microvillar clustering. These results indicate that normal Myo7b motor activity is needed for robust, efficient accumulation of CDHR2 to the tips of microvilli to a level that supports intermicrovillar adhesion.
DISCUSSION
Myo7b Plays a Role in Intermicrovillar Adhesion
Tip localization of the IMAC is essential for its function in organizing microvillar protrusions during BB assembly [7] . Initial studies showed that deletion of the cytoplasmic domain of CDHR2 resulted in a loss of distal tip enrichment and, thus, intermicrovillar adhesion [7] . These data were the first to suggest that links to cytoplasmic binding partners were needed to generate and maintain the tip enrichment of IMAC components. Additionally, mice lacking the scaffolding molecule USH1C demonstrated a striking loss of Myo7b from the BB; in these cells, CDHR5 localized along the length of microvilli rather than exhibiting tip enrichment. SEM of these animals also revealed perturbations in BB morphology in regions of both small intestine and colon, further underscoring the importance of IMAC tip enrichment.
The data we present here indicate that Myo7b plays a role in promoting the distal tip enrichment of IMAC components. KD of Myo7b in CACO-2 BBE cells resulted in decreased microvillar clustering and disruption of BB organization (Figures 2 and  S2) , as well as a significant loss of distal tip enrichment of several IMAC components (Figures 3 and S3A) . We also observed decreased expression of certain IMAC components, which is most likely explained by mislocalization-induced turnover (Figures 3 and S3) . By concentrating IMAC components at the distal tips, Myo7b focuses the resulting adhesion capacity to a singular point along the microvillar axis; this, in turn, increases the probability that collisions between adjacent microvilli will lead to productive, organized tipi-like clustering. Tip localized adhesion may also play a role in unifying the length of adjacent microvilli [7] . Although the CACO-2 BBE cell-culture model requires days to achieve enterocyte-like differentiation, the differentiation that occurs as native enterocytes exit stem cell-containing crypts is likely complete in hours rather than days. Thus, in an in vivo context, Myo7b is probably critical for targeting the IMAC to microvillar tips in a timely manner.
Significance of Myo7b Motor Activity in IMAC Localization
The most obvious role for Myo7b motor activity in IMAC localization and function would be powering transport along the microvillar axis, toward the distal tips. Although the mechanical properties of Myo7b have yet to be characterized in vitro, several lines of evidence suggest that Myo7b is an active motor and that motor activity contributes to cargo enrichment at microvillar tips. First, a forced dimer of Myo7b motor domains, which lacks any cargo-interacting motifs, exhibits robust targeting to microvillar tips ( Figure 4C ). Second, mutations that are expected to prevent ATPase cycling or ''uncouple'' (i.e., prevent) lever arm See also Figure S4 and Movie S1.
(legend on next page) rotation abolish targeting of the forced dimer to microvillar tips ( Figure 4D ). Third, the plus-end-directed movement of Myo7b forced-dimer puncta can be directly visualized in Cos-7 cell filopodia ( Figure 4E ; Movie S1). Together, these data suggest that Myo7b mechanical activity is capable of driving transport out to the tips of microvilli. Although Myo7b motor activity is sufficient for targeting to microvillar tips, the mechanisms used by full-length, cargo-binding Myo7b molecules may be more complex. Indeed, our rescue experiments provide information on the requirements for distal tip enrichment of IMAC components and microvillar organization. Whereas full-length WT Myo7b was capable of fully rescuing both tip localization of IMAC cargoes and microvillar clustering, a Myo7b tail fragment or forced dimer of Myo7b motor domains (lacking the tail) were both unable to rescue either readout ( Figures 5A-5D ). Interestingly, a full-length Myo7b construct expressing the I482A mutation (expected to uncouple catalytic and mechanical activity) was able to target to microvillar tips and partially rescue the tip enrichment of CDHR2 ( Figures  5A and 5B) . These results strongly suggest that one aspect of Myo7b function could be retention of cargoes at microvillar tips, which may not require force generation. However, this mutant failed to rescue microvillar clustering ( Figure 5C ), most likely because the amount of CDHR2 rescued in this case was significantly reduced relative to WT ( Figure 5D ). Thus, Myo7b force generation is needed to optimize the efficiency of IMAC accumulation at the distal tips of microvilli, either by enhancing retention or by actively transporting IMAC cargoes to these sites.
How might a Myo7b mutant deficient in motor activity (i.e., I482A) target to microvillar tips and partially rescue CDHR2 localization? One mechanism might involve cooperative interactions between actin binding (still active in uncoupled mutants) and tail-mediated binding partner interactions. Future studies will need to dissect how specific regions of the tail, and interactions with specific IMAC cargoes, contribute to the targeting and function of Myo7b.
Regulation of Myo7b Activity
Motor proteins are subject to tight regulation to prevent unnecessary ATP hydrolysis and control both temporal and spatial activation for proper function. One common form of regulation is ''auto-inhibition,'' where a cargo-binding tail folds back to directly interact with the motor domain and inhibit catalytic and mechanical activity. Release of auto-inhibition typically involves cargo binding to the tail but can also be caused by calciumdependent light-chain binding or phosphorylation. There is no direct evidence indicating that full-length Myo7b adopts an auto-inhibitory conformation. However, structural studies of closely related Myo7a have shown that the tail domain binds to and inhibits the motor domain [17, 37, 38] . If Myo7b is regulated in a similar manner, our data suggest that complete release from any auto-inhibited state may also require ATPase activity and normal actin binding. Indeed, the Myo7b tail domain exhibited the most robust distal tip localization in our targeting assay (Figure 4C) , whereas the non-cycling full-length Myo7b mutants were unable to tip target, even though they contain an intact tail domain ( Figure 4B ). Previous studies have demonstrated that actin binding is sufficient to relieve auto-inhibition of myosin-6, allowing for dimerization, motor clustering, and processive movement [39] . Myo7b may have similar requirements for exiting an auto-inhibited state and achieving full activation in cells.
MyTH4-FERM Myosins as Transporters in Finger-like Protrusions
Myo7b shares structural and functional similarities with other MyTH4-FERM myosins, including Myo7a, Myo10, and Myo15, each of which have been implicated in anchoring or transporting cargoes at or to the tips of other actin-bundle-supported protrusions [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Myo10 is an inducer of filopodial formation and has been implicated in the trafficking of a number of factors that play roles in the growth and stabilization of these protrusions, including VASP and integrins [25, 26, 40] . Previous experiments with Myo10 provide compelling evidence in support of barbed-end-directed transport, with direct observation of motility at the single-molecule level using total internal reflection fluorescence (TIRF) microscopy [41] . Myo15a also plays a role in the enrichment of specific cargoes at the ends of protrusions, in this case, Whirlin [21] and EPS8 [22] at the tips of stereocilia. Shaker-2 mice lacking Myo15a are unable to enrich these cargoes at the tips of stereocilia, which are shorter as a result [21, 22] . Myo7a, which has been investigated extensively in connection to its role in type 1 Usher syndrome [42] , is most closely related to Myo7b in domain structure and organization [11] . Myo7a is highly expressed in hair cells of the vestibular and cochlear systems, where it contributes to the localization of Sans and other components of the Usher complex (CDH23 and USH1C) at upper tip-link densities [16] . Together, these factors are essential for tip-link assembly, positioning, and function in mechanotransduction [43] . Because a number of mutations that give rise to hearing loss are located in the motor domain [44] , Myo7a likely uses motor activity to position or exert tension on the ends of tip-links. Mice lacking Myo7a exhibit striking parallels in phenotype relative to the Myo7b KD CACO-2 BBE cell lines reported here. Shaker-1 mice, which lack functional Myo7a, exhibit disorganized bundles of stereocilia and defects in mechanotransduction [45] . Loss of functional Myo7a also disrupts the localization of USH1C at upper tip-link densities [46] . Interestingly, Myo7a contains a stable a helix and short coiled coil, which are noticeably absent in Myo7b. These domains likely mediate the robust filopodial tip targeting and cargo-induced dimerization seen in cultured cells [18] .
With our present findings, we now know that all three major classes of actin-bundle-supported protrusions take advantage of MyTH4-FERM myosins for their assembly and organization. This role is conserved as Myo7 in Dictyostelium targets to the tips of filopodia, where it plays a role in their adhesion with extracellular substrates [47] . The use of MyTH4-FERM myosins to mediate similar functions in diverse systems suggests structural diversification from a common ancestral gene. Indeed, phylogenetic studies indicate that a MyTH4-FERM myosin was one of three actin-based motors present in the cenancestral eukaryote [48] .
Conclusions
Our studies reveal Myo7b as a MyTH4-FERM myosin that targets to the tips of microvilli and promotes the distal tip enrichment of IMAC cargoes, which are essential for normal BB assembly. Beyond the implications for understanding mechanisms of enterocyte differentiation, our results also imply that microvillar core actin bundles may support tip-directed transport by other myosins normally found in these protrusions. Indeed, myosin1d and myosin-5 have been shown to enrich at both the distal tips and terminal web in the intestinal BB [49, 50] . Additional studies will be needed to determine how these motors contribute to the assembly and maintenance of microvilli. Other future experiments will need to explore the regulation of Myo7b motor and cargo-binding activities. While the minimal unit sufficient for tip targeting is a dimer of Myo7b motor domains, the stoichiometry of the complex in vivo is unknown. The vast network of protein interactions between Myo7b and other IMAC components could support the formation of a large macromolecular complex, associated with an ensemble of Myo7b motors. Investigating molecular mechanisms of IMAC formation will further develop our understanding of the requirements for proper function and provide additional insight into conserved functions of MyTH4-FERM myosins.
EXPERIMENTAL PROCEDURES
Cell Culture and Stable Cell Line Generation CACO-2 BBE , LLC-PK1-CL4, Cos-7, and HEK293FT cells were cultured at 37 C and 5% CO 2 in DMEM with high glucose and 2 mM L-glutamine supplemented with 20% fetal bovine serum (FBS) for CACO-2 BBE cells and 10% FBS for LLC-PK1-CL4, Cos-7, and HEK293FT cells. For generation of stable cell lines, CACO-2 BBE and LLC-PK1-CL4 cells were grown to 90% confluency in T25 flasks. For lentivirus transduction of CACO-2 BBE cells, the media were supplemented with 8 mg/mL polybrene and incubated with lentivirus overnight (ON). For stable transfections of LLC-PK1-CL4 cells, transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions, and the cells were allowed to recover ON. On the following day, cells were reseeded into T75 flasks and grown for 3 days. Cells were then reseeded into T182 flasks with media containing 50 mg/mL puromycin or 1 mg/mL G418 and grown to select for stable integration. Additional details are found in the Supplemental Experimental Procedures.
Microscopy
Tissue sections and cells were imaged using a Leica TCS SP5 or Nikon A1R laser-scanning confocal microscope. Live-cell imaging was performed on a Nikon TiE inverted light microscope equipped with 488 and 561 excitation lasers, a 1003/1.49 NA TIRF objective, and a Roper Evolve EM-CCD detector (Photometrics). Structure illumination microscopy was performed using an Applied Precision DeltaVision OMX (GE Healthcare) equipped with a 603 Plan-Apochromat N/1.42 NA oil immersion objective (Olympus) and processed using softWorx software (GE Healthcare). SEM was performed using a Quanta 250 Environmental scanning electron microscope operated in high vacuum mode with an accelerating voltage of 5-10 kV. Images were contrast enhanced and cropped using ImageJ software (NIH). For details on sample preparation and data analysis, see the Supplemental Experimental Procedures.
Statistical Analysis
For all figures, error bars indicate SD, and n values are reported in the figure legends. All graphs were generated, and statistical analyses were performed in Prism v.6 or v.7 (GraphPad). Unpaired t tests were used to determine statistical significance between reported values. 
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